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Granular aluminum is a promising material for high kinetic inductance devices such as qubit circuits. It has the ad-
vantage over atomically disordered materials such as NbNx, to maintain a high kinetic inductance concomitantly with
a high quality factor. We show that high quality nano-scale granular aluminum films having a sharp superconducting
transition with normal state resistivity values of the order of 1× 105 µΩ cm and kinetic inductance values of the order
of 10nH/@ can be obtained, surpassing state of the art values. We argue that this is a result of the different nature
of the metal-to-insulator transition, being electronic correlations driven (Mott type) in the former and disorder driven
(Anderson type) in the latter.
In recent years superconducting (SC) qubit circuits (QC)
have evolved considerably. The first type, the so-called
Cooper pair box1,2, was basically composed of an island con-
nected through a small Josephson junction (JJ) to a large pair
reservoir, while a voltage V could be applied to it through
a gate. States differing by one pair on the island could be
weakly coupled through the JJ, creating a two-level system.
More recently a different type of qubit, consisting of a small
JJ shunted by a high inductance element, was developed to
eliminate charge related noise and de-coherence. The large
inductance element consisted originally of a one-dimensional
array of large size JJ3,4. More recently it was found that it
could simply consist of a narrow line of a highly disordered
superconductor such as NbNx having a high kinetic induc-
tance thanks to a low superfluid density5. Here it is virtual
vortex tunneling through the narrow line that is the conjugate
of the charge on the junction capacitance. It was however
noted that formation of sub-gap states should be avoided in
spite of disorder, as such states would introduce dissipation
and thus de-coherence. We show here that nano-scale gran-
ular superconductors provide better solution because they are
close to a Mott transition rather than to an Anderson transition,
typical of atomic disorder, which induces a massive presence
of sub-gap states.
When the mean free path l of a metal is reduced by disorder
to be smaller than the BCS coherence length ξ0, the superfluid
density ns can be decreased substantially. For a given value
of the current, pair velocity is much increased and the kinetic
energy of the Cooper pairs becomes the dominant factor of the
self-inductance of a stripe.
In a stripe of length L, width w and thickness t the kinetic
energy of the superfluid with density ns and velocity vs is
stored as inductive energy
nsLwt
1
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1
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since Js = Is/wt = ns(2e)vs and the penetration depth defi-
nition is λ2 = 2mµ0ns(2e)2 we obtain for the inductance
Lk/@ = µ0λ2
t
(2)
whereLk/@ is the kinetic inductance divided by the number of
squares L/w. Deep in the dirty limit, defined as l ξ0, λ2 '
λ2Lξ0/l, where λL is the London penetration depth
6. Here λL
is the penetration depth in the clean limit where ns = n/2.
Using the dirty limit expression for λ2 and the BCS relation
for ξ0 = ~vF /pi∆ where vF is the Fermi velocity and ∆ is
the SC gap, and taking into account that l = vF τ where τ is
the relaxation time, we obtain
Lk/@ = ~ρn
pi∆t
(3)
where ρn = m/ne2τ is the normal state resistivity. In the
BCS weak coupling 2∆ = 3.53kBTc7 one can calculate Lk/@
from the values of the sheet resistance R@ = ρn/t and the
critical temperature.
A high inductance can be reached by increasing the value
of the sheet resistance. This can be achieved by decreasing the
film thickness (for example Nb8,9), and/or by using a highly
disordered metal such as NbNx5,10, NbxSi1-x11, TiN12–15 and
NbTiN5,10–18. Because very thin films tend to be discontinu-
ous the inductance values one can reach in this way are rather
limited, of the order of a few pH per square9. Much higher
values, of the order of 1 nH per square, have been reached
by using strongly disordered films approaching the metal-to-
insulator (M/I) transition, such as NbNx5. However it was
found out that the quality factor of resonators made of such
disordered films tends to deteriorate with disorder5. This has
so far limited the use of disordered superconducting for high
inductance devices, because higher losses mean increased de-
coherence effects thus making quantum computing impracti-
cal.
Another material that has been considered recently for ap-
plication in QC is granular aluminum (grAl)17–19. grAl films
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2Figure 1. Variation of the critical temperature vs resistivity for 2 nm
grain size samples. Black triangles are NbNx data31 and blue squares
are previously published grAl data20 and our new data. The critical
temperature values are normalized to their maximum of 16.69 K and
3.25 K, respectively. When superconductivity in NbNx is quenched,
it still persists up to relatively high resistivity values in nano-scale
grAl. Note that even close to the metal-to-insulator transition the
critical temperature of grAl is above that of pure bulk aluminum,
which is marked by the value Tc/Tc,max = 0.37 in the figure.
can be prepared by thermally evaporating clean aluminum pel-
lets in oxygen environment, for more details see20. Their
structure consists of small grains separated by aluminum ox-
ide insulating barriers. The inter-grain coupling and result-
ing normal state resistivity are controlled by the oxygen par-
tial pressure and Al deposition rate. High sheet resistance
is reached by reducing inter-grain coupling rather than by
atomic scale disorder. The phase diagram of Tc vs resis-
tivity ρn has the well known “dome” shape, first rising to
reach a maximum value which depends on the temperature
of the substrate during film growth (respectively 2.3 K at
room temperature21–24, 3 nm grain size22, and 3.2 K at 100
K20,25–29, 2 nm grain size with a narrower distribution29,30)
and thereafter decreasing as the metal-to-insulator transition
is approached.
We show in Fig. 1 the decrease of Tc with resistivity of
grAl films prepared as described above on liquid nitrogen
cooled substrates. This decrease is slow. At a resistivity of
∼ 7 × 104 µΩ cm Tc is still 40% of its maximum value. By
contrast, the Tc of NbNx films collapses much faster. They
become useless for device applications at resistivity values of
the order of less than 1× 104 µΩ cm. grAl based devices can
have kinetic inductance values one order of magnitude higher
than NbNx based devices, which represents a considerable ad-
vantage. Furthermore, we show in Fig. 2 that the supercon-
ductivity transition remains sharp up to the highest resistivity.
A further critical point concerns the level of losses, as seen
for instance in resonators. In Fig. 3 we have collected values
of internal quality factors reported for a number of devices
as a function of their kinetic inductance values, with the aim
of comparing devices based on atomically disordered super-
Figure 2. Resistance vs temperature curves of high resistivity films
with 2 nm grain size. The legend corresponds to the normal state
resistivity value in µΩ cm, taken as the value at 4.2 K. The corre-
sponding value of the normal state sheet resistance is marked near
each curve, exceeding the value R = h/(4e2) ∼ 6.5 kΩ for the
highest resistance sample.
conductors such as NbNx with grAl devices (here using films
deposited at room temperature17,18,32). The data shows a con-
tinuous decrease for the former, and no systematic change for
the later. We emphasize that the highest kinetic inductance
values reported in this figure are of about 1 nH/@. This is
because higher values cannot be reached for NbNx and simi-
lar atomically disorder films, for the reasons explained above.
However, in view of the high quality of our grAl films de-
posited at liquid nitrogen temperature as shown Fig. 2 we be-
lieve that values as high as 10 nH/@ can be reached without
increased losses.
We propose that the origin of the different behaviors of
atomically disordered and granular superconductors lies in the
different nature of their metal to insulator transition. When
disorder is on the atomic scale the transition is of the Anderson
type. This is the case in NbNx films where disorder is created
by introducing vacancies through a reduction of the nitrogen
concentration31,33. The density of states (DOS) of delocalized
states decreases progressively to zero as more carriers near the
Fermi level become localized. If the metal is a superconduc-
tor, the reduced DOS results in a fast decrease of the critical
temperature. At the same time the localized carriers create
sub-gap states such as two-level systems or collective modes
such as the Higgs modes34 and increased losses must be ex-
pected. An increased density of sub-gap states is intrinsic to
the vicinity of an Anderson transition.
The nature of the metal-to-insulator transition is quite dif-
ferent in a granular metal consisting of nano-size metal crys-
tallites weakly coupled together. When the coupling is weak
enough, the Coulomb charging energy of the grains turns the
granular system into an insulator35,36. By analogy with the
Hubbard case37 the transition can be of the Mott type when
3Material R@(Ω) t (nm) Qi Lk/@
(nH/@)
grAl32 20 20 1.7× 105 0.016*
grAl32 40 20 ∼ 3× 104 0.032*
grAl32 80 20 ∼ 1.5× 105 0.064*
grAl32 110 20 ∼ 4× 105 0.088*
grAl32 450 20 ∼ 105 0.360*
grAl32 800 20 ∼ 2× 105 0.640*
grAl17,18 2000 20 ~105 2
grAl41 1645 26 ∼ 2× 104 1.2
grAl41 1661 25 ∼ 104 1.2
grAl41 2706 37 ∼ 104 2
NbNx10 500 20 2.5× 104 0.082*
NbNx5 2000 2-3 ∼ 103 1.3
NbxSi1-x (x=0.18)11 600 15 103 − 104 0.83
TiN12,13 25 40 ~104 − 106 0.008*
TiN14 45 22 8.7× 105 0.031*
TiN15 600 6 ~104 0.620
TiN42 505 8.9 (0.7− 1)× 105 0.234*
TiN42 145 14.2 (2− 6)× 105 0.056*
TiN42 21 49.8 (0.3− 2)× 106 0.0071*
TiN42 6 109 105 − 106 0.0017*
NbTiN16 250 8 ~105 0.035*
Table I. Internal quality factors Qi at low circulating photon num-
bers, approaching single photon regime. Asterisk marks Lk/@ as
estimated by Eq. 3 with the assumption of a BCS weak coupling ra-
tio. Note that all grAl data shown in this table was taken for samples
deposited onto substrates held at room temperature.
that energy is of the order of the effective band width of
the granular system (determined by the strength of the inter-
grain coupling), if disorder effects are not dominant. As dis-
cussed by Beloborodov et al., disorder will in fact dominate
if the spacing between the electronic levels in the individ-
ual grains is small36. The spacing can be approximated by
δ = 1/N(0)V 38 where N(0) is the DOS at the Fermi level
and V is the grain volume. That spacing is indeed small in the
Al-Ge system, in which the grain size is about 10 nm39. The
spacing being then of the order of 1 K. But when the grain
size is about 2 nm, the inter-level spacing is about 100 K40.
If, in addition the grain size distribution is narrow as is the
case here, a Mott transition can be preserved. Indeed, disorder
appears to play in that case only a minor role since supercon-
ductivity persists up to kF l values smaller than unity!20. Ad-
ditional experimental evidence for a Mott transition in nano-
scale grAl has been previously presented and discussed25.
In Fig. 4 we compare the optical conductivity versus fre-
quency of the two systems for similar values of the resistivity.
In high resistivity NbNx samples the real part of the conduc-
tivity remains high below the gap value obtained from a fit
Figure 3. Internal quality factor Qi vs. sheet kinetic inductance
Lk/@. For devices in which the Qi values are widely distributed
we represent the data as a thick vertical line. At high Lk/@ values
devices based on grAl films have a higherQi than films of atomically
disordered superconductors. Note that the data for grAl is from two
different groups, represented by Zhang41 and Valenti, Maleeva18,32 in
the legend.
Figure 4. Comparison of the real part of the optical conductivity
between grAl and NbNx at temperature of 1.5 K. Circles are 2 nm
grain size grAl data20, diamonds are 3 nm grain size grAl data and
full line is NbNx data43. For the grAl samples the fit to MB theory
(dashed lines) works well all the way down to the gap value, marked
by the minimum of σ1 at 2∆. For the NbNx sample it does not. The
frequency units are given in wavenumbers which are related to the
angular frequency by ω = 2picν. Top axis frequency units are given
in THz.
to Mattis-Bardeen (MB) theory44 at high frequencies, indicat-
ing the massive presence of in-gap states. This deviation from
MB is systematic for high resistivity low Tc NbNx films34,43.
In strong contrast, in high resistivity grAl samples the fit to
MB theory remains good down to low frequencies, for both
grain sizes. The data for 3 nm grain size sample has been
taken by us with the same setup as described in20. The den-
sity of sub-gap states, if present, is evidently much lower than
in NbNx. The good agreement with the MB theory is in line
with the measured temperature dependence of the change in
resonance frequency δf0/f0 for a series of resonators made
of grAl, with resistvities up to 1600µΩ cm, deposited onto
substrates held at room temperature32.
4The internal quality factor can be approximated by the ex-
pression Qi ' σ2/σ1 which holds for thin film (t  λ) and
a kinetic induction fraction α = Lk/Lg of order unity15. At
frequencies below the gap,σ2 ∝ 1/ω and in the zero temper-
ature limit the value of σ1 is expected to approach zero for
~ω < 2∆ (the data in Fig. 4 was taken at T/Tc~0.6-0.7 for
grAl and ~0.4 for NbNx)44. Therefore, the presence of sub-
gap states for NbNx suggests that a lower quality factor would
be obtained than for grAl. A difference by two orders of mag-
nitude in the quality factors as can be seen in Table I between
grAl and NbNx having a similar sheet resistance of 2000 Ω is
therefore reasonable.
On the basis of these compared optical conductivity data
we expect higher losses in devices based on NbNx, and other
atomically disordered superconductors, than in devices using
nano-scale grAl. This is borne out by the respective quality
factor values of resonators made of these two types of materi-
als, see Table I. In atomically disordered superconductors the
quality factor decreases as the sheet resistance and the related
inductance increase, while resonators made of grAl have both
a high inductance and a high quality factor.
Regarding the possibility of other Mott granular SC, we
suggest granular materials having a level spacing of the or-
der of 100 K. The advantage of grAl is that this criterion is
established naturally during the sample evaporation, without
any need for expensive techniques. Al-Ge films deposited at
low temperature are also a possibility45.
In summary, we suggest that the nature of the M/I transi-
tion is crucial for achieving both high kinetic inductance and
high quality factor devices. Atomically disordered SC are less
suitable for this purpose, as evident from the low quality fac-
tors which we believe result from massive presence of sub-gap
states seen from optical conductivity data. In contrast, nano-
scale superconductors, such as grAl, are more suitable for this
purpose. Their higher quality factor at large kinetic induc-
tance values results we believe from the absence of intrinsic
sub-gap states. We have interpreted this difference as being
due to the different nature of the metal-to-insulator transition
in these two systems, being of the Anderson type in NbNxand
of the Mott type in nano-scale grAl. We suggest therefore
that high inductance devices based on superconducting gran-
ular films, consisting of grains of only a few nano-meters with
a narrow size distribution so as to reduce disorder effects,
should be further considered for implementation in quantum
circuits.
We acknowledge fruitful discussions with Ioan Pop, Flo-
rence Levy-Bertrand, Marc Scheffler, Nimrod Bachar and
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